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A  series  of  hydrocarbon  membranes  consisting  of  poly( vinyl  alcohol)  (PVA),  sulfosuccinic  acid  (SSA)  and 
poly( vinyl  pyrrolidone)  (PVP)  were  synthesized  and  characterized  for  direct  methanol  fuel  cell  (DMFC) 
applications.  Fourier  transform  infrared  (FT-IR)  spectra  confirm  a  semi-interpenetrating  (SIPN)  structure 
based  on  a  cross-linked  PVA/SSA  network  and  penetrating  PVP  molecular  chains.  A  SIPN  membrane  with 
20%  PVP  (SIPN-20)  exhibits  a  proton  conductivity  value  comparable  to  Nation®  115  (1.0  x  10-2  S  cm-1  for 
SIPN-20  and  1.4  x  10-2  Scrrr1  for  Nation®  115).  Specifically,  SIPN  membranes  reveal  excellent  methanol 
resistance  for  both  sorption  and  transport  properties.  The  methanol  self-diffusion  coefficient  through  a 
SIPN-20  membrane  conducted  by  pulsed  field-gradient  nuclear  magnetic  resonance  (PFG-NMR)  technol¬ 
ogy  measures  7.67  x  10-7  cm2  s-1,  which  is  about  one  order  of  magnitude  lower  than  that  of  Nation®  115. 
The  methanol  permeability  of  SIPN-20  membrane  is  5.57  x  10-8  cm2  s_1,  which  is  about  one  and  a  half 
order  of  magnitude  lower  than  Nation®  115.  The  methanol  transport  behaviors  of  SIPN-20  and  Nation®  115 
membranes  correlate  well  with  their  sorption  characteristics.  Methanol  uptake  in  a  SIPN-20  membrane 
is  only  half  that  of  Nation®  115.  An  extended  study  shows  that  a  membrane-electrode  assembly  (MEA) 
made  of  SIPN-20  membrane  exhibits  a  power  density  comparable  to  Nation®  115  with  a  significantly 
higher  open  current  voltage.  Accordingly,  SIPN  membranes  with  a  suitable  PVP  content  are  considered 
good  methanol  barriers,  and  suitable  for  DMFC  applications. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolytes  play  an  important  role  in  fuel  cell  tech¬ 
nology  because  they  conduct  protons  from  anode  to  cathode 
and  prevent  the  fuel  (hydrogen,  methanol)  from  directly  contact¬ 
ing  oxygen.  A  perfluorosulfonic  acid  membrane  called  Nation® 
(DuPont)  is  widely  used  as  a  proton  conducting  electrolyte  mem¬ 
brane  due  to  its  excellent  proton  conductivity,  good  chemical 
resistance,  and  high  mechanical  properties.  However,  its  relatively 
high  price  and  high  methanol  crossover  rate  remain  serious  prob¬ 
lems  to  its  application  in  commercial  direct  methanol  fuel  cells 
(DMFCs)  [1].  Its  high  methanol  permeability  not  only  reduces  fuel 
efficiency,  but  also  causes  depolarization  losses  at  the  cathode  [2,3  ]. 
Therefore,  investigating  new  proton  exchange  membranes  (PEMs) 
with  low  methanol  permeability  and  suitable  proton  conductivity  is 
crucial.  However,  high  proton  conductivity  is  usually  accompanied 
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by  high  methanol  permeability,  which  makes  it  especially  difficult 
to  develop  novel  PEMs. 

Water  content  has  a  profound  effect  on  proton  conductivity, 
methanol  permeability,  and  the  mechanical  properties  of  proton 
exchange  membranes.  In  general,  high  water  uptake  in  mem¬ 
branes  helps  promote  proton  conduction  because  water  is  the 
primary  proton  carrier.  However,  the  excessive  water  swelling  is 
also  an  important  factor  for  developing  PEMs,  which  induces  high 
methanol  permeability  and  low  mechanical  strength  in  PEMs  [4].  In 
addition,  the  excessive  swelling  also  caused  a  tendency  of  delami¬ 
nation  of  MEAs  during  cell  operation,  making  MEAs  deteriorate  due 
to  the  poor  adhesion  between  membranes  and  gas  diffusion  elec¬ 
trodes  [5].  Several  previous  attempts  have  been  made  to  inhibit 
excessive  PEM  swelling  [6-16].  These  approaches  included  the 
use  of  chemical  cross-linking  structures  [6-7],  acid-base  polymer 
blends  [8-11  ],  high  molecular  weight  polymers  [12-14],  and  mem¬ 
brane  morphology  control  [15,16].  For  all  these  approaches,  the 
selection  of  a  polymer  matrix  for  the  PEM  is  also  an  important  factor 
because  the  swellability  and  methanol  permeability  of  membranes 
is  largely  dependent  upon  polymer  properties. 
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Poly(  vinyl  alcohol)  (PVA)  membranes  are  used  in  pervaporation- 
based  alcohol  dehydration  because  they  preferentially  permeate 
water  and  retain  alcohol  [17-20].  However,  even  though  PVA 
membranes  select  water  over  alcohols,  they  are  poor  proton  con¬ 
ductors.  Therefore,  several  methods  have  been  reported  to  prepare 
PVA-based  proton  conducting  membranes  with  high  proton  con¬ 
ductivity  for  fuel  cell  applications  [21-27].  Recently,  Qiao  et  al. 
[28]  used  poly( vinyl  pyrrolidone)  (PVP)  as  a  third  polymer  to 
modify  PVA/poly(2-acrylamido-2-methyl-l-propanesulfonic  acid) 
(PAMPS)  polymer  blends.  They  reported  that  the  PVP  poly¬ 
mer  employed  in  the  membranes  can  efficiently  improve  the 
oxidative  stability  and  mechanical  properties  of  the  membranes. 
Another  study  reports  the  exceptional  water  or  methanol  sorption 
selectivity  of  poly(vinyl  alcohol)/poly(vinyl  pyrrolidone)  blends 

[2g] 

However,  an  excessive  swelling  phenomenon  usually  exists 
in  PVA/PVP-based  membranes.  For  example,  a  water  uptake 
of  PVA/PAMPS/PVP  membrane  with  proton  conductivity  com¬ 
parable  to  Nation®  measured  100wt.%  was  reported  [28].  A 
high  degree  of  swelling  may  cause  failure  in  mechanical  prop¬ 
erty  to  fabricate  membrane  electrode  assemblies  (MEAs)  and 
a  restriction  to  further  reduction  of  methanol  permeability  in 
membrane.  To  our  knowledge,  no  previous  study  investigated 
the  methanol  sorption  and  diffusion  properties  of  PVA/PVP- 
based  membranes  as  well  as  the  performances  of  the  single 
cells  made  use  of  such  kind  of  membranes.  Therefore,  this  study 
synthesizes  a  series  of  semi-interpenetrating  network  (SIPN)  mem¬ 
branes  using  poly(vinyl  alcohol)  with  sulfosuccinic  acid  (SSA) 
as  a  cross-linking  agent  and  poly(vinyl  pyrrolidone)  as  a  mod¬ 
ifier.  A  network  based  on  PVA  and  SSA  molecules  not  only 
inhibit  the  excessive  swelling  but  also  provides  proton  con¬ 
ducting  paths.  Moreover,  the  influence  of  penetrating  poly(vinyl 
pyrrolidone)  polymers  is  defined  by  membrane  properties  in 
terms  of  water  uptake,  self-diffusion  coefficient,  proton  conduc¬ 
tivity,  and  methanol  permeability.  In  addition,  an  optimum  SIPN 
membrane  with  20%  PVP  was  selected  to  fabricate  membrane 
electrode  assemblies  to  demonstrate  the  potential  of  SIPN  mem¬ 
branes  in  DMFC  applications.  The  DMFC  performance  of  the 
SIPN-20  membrane  exhibits  a  power  density  comparable  to  that 
of  Nation®  115,  and  the  open  current  voltage  of  the  SIPN-20  mem¬ 
brane  is  significantly  higher  than  that  of  Nation®  115.  The  SIPN 
membranes  are  therefore  considered  suitable  for  DMFC  applica¬ 
tions. 


2.  Experimental 

2  A.  Materials 

Poly( vinyl  alcohol)  (PVA,  average  MW:  130,000  g  mol-1 ;  degree 
of  hydrolysis:  88%,  Fluka),  sulfosuccinic  acid  (SSA,  70wt.%  solu¬ 
tion  in  water,  Aldrich),  poly( vinyl  pyrrolidone)  (PVP,  average  MW: 
360, 000  g  mol-1,  Aldrich)  were  used  to  prepare  proton  conducting 
membranes.  All  chemicals  were  used  without  further  purifica¬ 
tion.  Pt/C  (50%  Pt  on  carbon  black  -  Johnson  Matthey,  USA) 
was  used  as  cathode  electrocatalyst  and  Pt-Ru  (58.1%  Pt:Ru  on 
Vulcan  XC-72;  1:1  a/o  Pt:Ru  -  ETek,  USA)  was  used  as  anode 
electrocatalyst. 


a  homogeneous  solution  was  obtained.  A  certain  amount  of  PVP 
was  then  added  to  the  PVA/SSA  solution  and  stirred  at  60  °C  until 
a  homogeneous  solution  was  obtained.  The  membranes  were  cast 
by  pouring  the  solution  onto  Petri  dishes  and  evaporating  water  at 
60  °C  for  16  h.  Membranes  were  peeled  off  the  dishes  and  annealed 
at  120  °C  for  1  h.  The  amount  (%)  of  SSA  and  PVP  were  determined 
by  the  weight  of  PVA  (i.e.  a  PVA/SSA50/PVP20  membrane  was  con¬ 
sisting  of  1  g  PVA,  0.5  g  SSA,  and  0.2  g  PVP).  After  sudden  cooling 
to  room  temperature,  the  resultant  membranes  were  stored  in  de¬ 
ionized  water. 


2.3.  Fourier  transform  infrared  (FT-IR)  spectroscopy 

Infrared  spectra  were  recorded  in  the  transmittance  mode  on  a 
Fourier  transform  infrared  spectrophotometer  (FT-IR,  PerkinElmer, 
Spectrum  One)  in  the  range  of  wavenumbers  600-4000  cm-1 .  The 
resolution  and  number  of  scans  in  all  spectra  were  4  cm-1  and  16, 
respectively. 

2.4.  Water  uptake,  ion-exchange  capacity  (IEC),  and  water  states 
in  membrane 


The  water  uptake  of  the  membrane  was  determined  by  measur¬ 
ing  the  change  in  weight  before  and  after  hydration.  The  membrane 
was  immersed  in  deionized  water  for  24  h.  The  wetted  membrane 
weight  ( Wwet)  was  then  measured  as  soon  as  the  surface-attached 
water  on  the  membrane  was  removed  with  filter  paper.  The  weight 
of  the  dry  membrane  ( Wdry )  was  determined  after  drying  it  in  a  vac¬ 
uum  at  60  °C  for  1  day.  The  water  uptake  (%)  was  calculated  using 
the  following  equation: 

WWet  —  Wdrv 

Water  uptake  (%)  = - — - —  x  100 

kl'dry 

Ion-exchange  capacities  (IEC)  of  the  samples  were  estimated  by 
a  titration  method.  The  ion-exchange  capacity  was  calculated  using 
the  following  equation: 

_  Mi,  NaOH  *  Mf  Na0H  _  H+(mmol) 

vvdry  -  wdry 

where  N3oh  is  the  initial  mmol  of  NaOH  of  titration  and  Mf  Na0n  is 
the  mmol  (meq)  of  NaOH  after  equilibrium.  H+  is  the  molar  number 
of  proton  sites  presented  in  the  membrane,  and  Wdry  is  the  weight 
(g)  of  the  dry  membrane. 

Two  types  of  water,  freezing  water  (unbound  water)  and  non- 
freezing  water  (bound  water)  in  fully  hydrated  membranes  were 
determined  using  a  differential  scanning  calorimeter  (DSC  2010, 
TA  Instruments)  equipped  with  a  rapid  cooling  system  (RCS).  The 
experiment  began  with  heating  the  sample  from  -50  to  50  °C 
using  a  heating  rate  of  3°Cmin-1  and  a  nitrogen  gas  flow  rate 
of  50  mLmin-1 .  The  freezing  water  content  was  determined  using 
following  equation: 


Hifree 


AHfree 

Qmelting 


x  mtotal 


where  (Witing  is  the  melting  enthalpy  of  pristine  water  at  0°C, 
AHfree  is  the  heat  of  melting  around  0°C,  and  mtotal  is  the  total 
uptake  water. 


2.2.  Membrane  preparation 

PVA  powders  were  dissolved  in  de-ionized  water  with  contin¬ 
uous  stirring  at  60  °C  to  form  a  10wt.%  PVA  aqueous  solution.  A 
given  amount  of  SSA  of  a  desired  concentration  was  then  added  to 
this  PVA  solution  and  the  mixture  was  stirred  continuously  until 


2.5.  Water  and  methanol  self- diffusion  coefficients 

Self-diffusion  coefficients  were  measured  with  a  Varian  UNITY 
INOVA-500  MHz  Nuclear  Magnetic  Resonance  (NMR)  spectrome¬ 
ter  at  an  applied  gradient  strength  ranging  from  0  to  200 Gem-1. 
Experiments  were  conducted  at  room  temperature  and  a  total  of  ten 
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points  were  recorded  with  decreasing  gradient  strengths.  Before 
testing,  the  membranes  were  soaked  in  water  and  methanol  for 
at  least  1  day.  After  removing  any  surface  solvent,  the  membranes 
were  quickly  placed  in  a  NMR  tube  and  sealed.  The  signal  intensity 
(A)  as  a  function  of  the  gradient  strength  (G)  was  recorded.  Stejskal 
and  Tanner  [30]  reported  that  the  predicted  dependence  of  signal 
attenuation  on  gradient  strength  is 


In 


*(2r) 

A0(2t) 


(KhG^)2 


D 


where  A(g)  is  the  signal  intensity  as  a  function  of  the  applied  gra¬ 
dient  g,  A(0)  is  the  signal  intensity  observed  in  the  absence  of  an 
applied  gradient,  y  is  the  nuclear  gyromagnetic  ratio,  D  is  the  water 
diffusion  coefficient,  <5  is  the  length  of  the  gradient  pulse,  and  A  is 
the  diffusion  time  between  gradient  pulses. 


2.6.  Proton  conductivity  and  methanol  permeability 


Fig.  1.  FT-IR  Spectra  of  PVA,  PVA/SSA  and  PVA/SSA/PVP  membranes. 


Proton  conductivity  measurements  were  carried  out  at  ambient 
temperature  using  an  Autolab  PGSTAT30  instrument.  Before  test, 
the  membrane  was  immersed  in  deionized  water  for  1  day.  The 
proton  conductivity  cell  was  composed  of  two  9.5  mm  diameter 
stainless  steel  electrodes.  The  membrane  sample  was  sandwiched 
between  the  stainless  steel  electrodes.  The  AC  impedance  spec¬ 
tra  of  the  membranes  were  recorded  from  200,000  to  100  Hz 
with  amplitude  of  5  mV.  The  proton  conductivity  was  calculated 
according  to 

L 

a~  jTa 

where  cr,  L,  R ,  and  A  denote  the  proton  conductivity  of  membrane, 
thickness  of  the  membrane  (which  was  measured  with  a  microm¬ 
eter  in  each  case),  the  measured  resistance  of  the  membrane,  and 
the  cross-sectional  area  of  the  membrane  perpendicular  to  current 
flow,  respectively. 

The  methanol  permeability  of  membrane  was  determined  using 
a  home-made  side-by-side  glass  diffusion  cell  containing  3wt.% 
methanol  solution  in  one  side  and  pure  water  in  the  other  side. 
The  diffusion  cell  was  maintained  at  a  temperature  of  35  °C. 
The  different  methanol  concentrations  between  the  two  compart¬ 
ments  caused  a  flux  of  methanol  across  the  membrane.  Methanol 
concentration  within  the  water  side  was  measured  using  gas  chro¬ 
matography  (GC,  China  Chromatography  9800)  at  regular  intervals. 
Methanol  permeability  was  determined  from  the  slope  of  the  plot 
of  methanol  concentration  in  the  receptor  compartment  versus 
time. 

2.7.  Fabrication  of  membrane  electrode  assembly  (MEA)  and 
evaluation  of  single  cell  performance 

The  SIPN  membrane-based  MEA  was  fabricated  using  CARBEL  CL 
gas  diffusion  media  (W.  L.  Gore  and  Associates,  Inc.,  Elkton,  MD)  as 
a  support.  The  cathode  was  created  by  layering  carbon  supported 
Pt  bound  with  Nation®  electrolyte  as  a  catalyst  layer  on  this  dif¬ 
fusion  layer  to  give  a  metal  loading  of  3  mg  cm-2.  The  anode  was 
constructed  using  the  same  method,  except  that  carbon  supported 
Pt-Ru  served  as  anode  catalyst  for  the  DMFC.  Methanol  flow  rate 
was  fixed  at  3  cc  min-1  and  oxygen  flow  rate  was  fixed  at  100  SCCM. 
For  comparison,  experiments  were  also  carried  out  with  the  MEA 
fabricated  with  Nation®  115  membrane  under  similar  experimen¬ 
tal  conditions.  The  details  of  the  MEA  fabrication  procedures  and 
conditions  were  according  to  our  previous  work  [31].  Single  cell 
performance  was  evaluated  using  a  MACCOR  Model  2200  fuel  cell 
test  station. 


3.  Results  and  discussion 

3.1.  FT-IR  study 

Fig.  1  shows  the  FT-IR  spectra  for  pristine  PVA,  PVA/SSA,  and 
PVA/SSA/PVP  membranes.  The  PVA/SSA  membrane  shows  charac¬ 
teristic  absorption  bands  at  1716cm-1(C=0)  and  the  ester  group 
C-0  stretch  mode  at  1208  cm-1.  Ester  group  formation  is  caused 
by  ester  bonds  (C-O-C)  between  the  PVA  alcohol  groups  and 
SSA  carboxyl  groups.  Furthermore,  the  absorption  band  observed 
at  1034  cm-1  is  attributed  to  -S03  groups  in  the  SSA.  For  the 
PVA/SSA/PVP  membrane,  the  stretching  vibration  of  hydrogen 
bonded  carbonyl  groups  (C=0)  on  PVP  was  also  observed  at 
1651  cm-1  [32].  This  absorption  band  confirms  the  intermolecu- 
lar  interactions  between  the  hydroxyl  groups  on  PVA  and  carbonyl 
groups  on  penetrating  PVP  in  membranes.  Fig.  2  illustrates  the 
scheme  of  the  SIPN  structure.  A  SSA  bridge  between  PVA  molecules 
not  only  reinforces  the  network,  but  also  provides  a  primary  pro¬ 
ton  conducting  path.  However,  a  membrane  with  a  high  degree 
of  cross-linkage  through  ester  bond  formation  between  PVA  and 
SSA  often  has  a  brittle  nature  and  serious  hydrolysis  problems.  PVP 
chains  trapped  in  the  network  form  a  semi-interpenetrating  net¬ 
work  (SIPN)  structure,  which  presumably  stabilizes  the  network 
structure  through  hydrogen  bonds  and  reduces  the  brittleness  of 
the  membranes. 

3.2.  Water  uptake  and  ion-exchange  capacity 

Fig.  3  shows  that  water  uptake  in  the  SIPN  membrane  (based 
on  40%  PVP)  depends  on  the  SSA  content  in  that  water  uptake 


HO  HO  O  OH 


Fig.  2.  The  SIPN  structural  scheme  of  the  PVA/SSA/PVP  membrane. 
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Fig.  3.  Water  uptakes  of  PVA/PVP40  membrane  with  different  amounts  of  SSA. 


Fig.  5.  DSC  curves  of  Nation®  115  and  SIPN  membranes  based  on  PVA/SSA50  with 
different  amounts  of  PVP. 


increases  as  the  SSA  content  increases  from  10%  to  30%,  and  then 
decreases  when  the  SSA  content  exceeds  30%.  Inverse  behaviors  can 
be  explained  by  the  chemical  structure  of  the  PVA/SSA  network.  An 
increase  in  water  uptake  at  a  low  SSA  content  may  be  the  result  of  an 
increase  in  the  sulfonic  acid  group  in  the  PVA/SSA/PVP  membranes. 
However,  higher  cross-linking  density  in  the  SIPN  membranes  at  a 
higher  SSA  content  may  create  a  more  rigid  and  compact  polymer 
structure.  In  addition,  when  the  SSA  content  exceeds  60%,  the  mem¬ 
branes  become  too  brittle  for  fuel  cell  applications.  Accordingly,  to 
fulfill  the  SIPN  membrane  requirements  of  suitable  water  uptake 
and  mechanical  properties,  all  the  samples  reported  in  this  study 
are  based  on  50%  SSA  (i.e.  PVA/SSA50)  interpenetrated  with  vari¬ 
ous  amounts  of  PVP  to  help  stabilize  the  network  and  determine 
the  effect  of  PVP  interpenetration  on  the  corresponding  properties 
of  SIPN  membranes. 

Fig.  4  shows  the  measured  IEC  and  water  uptake  of  the  SIPN 
membranes  as  a  function  of  PVP  content.  As  Fig.  4  shows,  the 
measured  IEC  value  of  the  SIPN  membranes  decreases  as  the  PVP 
content  increases  from  10%  to  60%.  On  the  other  hand,  the  water 
uptake  of  SIPN  membranes  increases  from  43.7%  to  127.9%  as  the 
PVP  content  increases.  The  lack  of  the  cation  exchange  groups  and 
the  hydrophilic  property  of  PVP,  respectively,  explain  these  results. 

3.3.  Water  states 

This  study  groups  water  in  polymers  by  different  states  as  free 
water,  freezable  bound  water,  and  non-freezing  water.  Respec¬ 
tively,  these  terms  refer  to  water  that  is  strongly  bound  to  sulfonic 


Fig.  4.  IEC  and  water  uptakes  of  SIPN  membranes  based  on  PVA/SSA50  with  different 
amounts  of  PVP. 


acid  groups  (non-freezing  water),  weakly  bound  to  polymer  chains 
(freezable  bound  water),  and  water  that  has  the  same  properties 
as  bulk  water  (free  water)  [33].  Liu  et  al.  [34]  reported  the  bound 
water  has  a  markedly  reduced  mobility  compared  to  free  water. 
This  result  indicates  that  membranes  with  different  water  state 
distributions  may  exhibit  different  transport  properties.  Therefore, 
this  study  uses  a  DSC  to  determine  the  distributions  of  bound  and 
unbound  water  existing  in  the  membranes. 

Fig.  5  shows  the  DSC  curves  of  fully  hydrated  SIPN  and  Nation® 
115  membranes.  Melting  enthalpy  peaks  appear  at  temperatures 
around  0°C,  and  the  peak  area  increases  as  the  PVP  content 
increases  from  20%  to  60%.  Table  1  summarizes  the  distribution 
of  water  states  in  SIPN  and  Nation®  115  membranes  in  terms  of 
bound  and  unbound  water.  As  Table  1  shows,  the  SIPN  mem¬ 
brane  holds  more  unbound  water  as  the  PVP  content  increases. 
This  is  primarily  due  to  an  increase  of  hydrophilic  groups  in  the 
membranes. 

3.4.  Proton  conductivity 

Fig.  6  presents  the  proton  conductivity  of  the  SIPN  membranes 
as  a  function  of  PVP  content  at  room  temperature.  The  proton  con¬ 
ductivity  of  Nation®  115  measured  under  the  same  experimental 
conditions  was  1.4  x  10-2 Son-1,  which  agrees  well  with  the  lit¬ 
erature  [35,36].  As  Fig.  6  shows,  the  proton  conductivity  of  SIPN 
membranes  increases  as  the  PVP  content  increases  from  10%  to 
20%,  reaching  a  maximum  value  of  0.01  Son-1  when  PVP  content 
reaches  20%.  These  membranes  then  experience  a  decrease  in  pro¬ 
ton  conductivity  when  the  PVP  content  exceeds  20%.  The  inverse 
behaviors  of  the  water  uptake  and  the  ion-exchange  capacity  (IEC) 
explain  this  behavior,  as  Fig.  4  shows.  These  results  indicate  that  an 
increase  in  water  content  can  lead  to  higher  proton  conductivity  at 
a  low  PVP  content.  However,  large  sorption  of  water  in  membranes 
does  not  simply  improve  proton  conductivity,  but  also  dilutes  the 
charge  carries  [28],  which  causes  a  decrease  in  proton  conductivity 
at  high  PVP  contents  in  SIPN  membranes. 

3.5.  Water  I  methanol  uptake 

This  study  investigates  the  sorption  and  transport  properties  of 
water  and  methanol  in  SIPN-20  membranes  and  compares  these 
properties  with  Nation®  115  to  further  investigate  the  potential  of 
SIPN  membranes  for  DMFC  applications.  Fig.  7  shows  the  solvent 
uptake  of  Nation®  115  and  PVA/SSA50/PVP20  (SIPN-20)  mem¬ 
branes  as  a  function  of  methanol  concentration.  The  solvent  uptake 
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Table  1 

The  distribution  of  water  state  in  various  SIPN  and  Nafion®  115  membranes. 


Membrane 

Water  uptake  (wt.%) 

AfWJg-1) 

Unbound  water  (wt.%) 

Bound  water  (wt.%) 

Water  state  distribution  (%) 

Unbound  water/total  water 

Bound  water/total  water 

SIPN-20 

53.29  ±  7.0 

5.89 

1.76 

51.53 

3.31 

96.69 

SIPN-40 

66.76  ±  7.7 

20.67 

6.19 

60.57 

9.27 

90.73 

SIPN-60 

127.91  ±  15.2 

65.64 

19.65 

108.26 

15.36 

84.64 

Nafion®  115 

37.0  ±  3.3 

28.2 

8.44 

28.56 

22.82 

77.18 

Fig.  6.  Proton  conductivities  of  SIPN  membranes  based  on  PVA/SSA50  with  different 
amounts  of  PVP. 


of  Nafion®  115  increases  through  a  maximum  value  at  a  methanol 
mole  fraction  0.63.  This  trend  agrees  well  with  the  literature  [37]. 
On  the  other  hand,  the  SIPN-20  membrane  exhibits  a  higher  water 
uptake  than  Nafion®  115  and  then  takes  up  less  solvent  as  the 
methanol  mole  fraction  increases.  Specifically,  the  methanol  uptake 
of  a  SIPN-20  membrane  is  approximately  one  half  that  of  Nafion® 
115. 

These  different  sorption  behaviors  can  be  explained  by  the 
chemical  cross-linking  structure  of  SIPN  membranes  versus  the 
physical  cross-linking  structure  of  Nafion®  115.  The  excellent 
methanol-resistant  nature  of  PVA  is  also  an  important  factor  [38]. 
A  similar  finding  by  Lu  et  al.  [29]  shows  that  PVA/PVP  interpene¬ 
trating  polymer  network  (IPN)  membranes  achieve  an  exceptional 
selectivity  in  sorption  of  water  over  methanol  in  terms  of  swelling 
ratio. 


Table  2 

The  water  and  methanol  self-diffusion  coefficients  of  various  SIPN  and  Nafion®  115 
membranes. 


a  Data  obtained  from  Ref.  [39]. 

3.6.  Water  and  methanol  self- diffusion  coefficients 

Table  2  shows  the  water  and  methanol  self-diffusion  coef¬ 
ficients  within  SIPN  and  Nafion®  115  membranes.  Both  water 
and  methanol  self-diffusion  coefficients  within  SIPN  membranes 
increase  when  PVP  content  increases  from  20%  to  60%.  This  result 
correlates  well  to  the  increase  of  water  uptake  and  unbound 
water  in  SIPN  membranes.  On  the  other  hand,  the  water  self¬ 
diffusion  coefficient  within  the  SIPN-20  membrane  measures 
1.35  x  10-6  cm2  s-1,  about  one-fifth  that  of  Nafion®  115.  The  lower 
unbound  water  content  in  SIPN-20  membranes  explains  this  per¬ 
formance.  Liu  and  Yao  [34]  report  that  bound  water  has  a  markedly 
reduced  mobility  compared  to  free  water.  Specifically,  note  the 
methanol  self-diffusion  coefficient  within  the  SIPN-20  membrane 
measures  7.67  x  10-7  cm2  s-1,  about  an  order  of  magnitude  lower 
than  Nafion®  115.  This  lower  methanol  self-diffusion  coefficient 
of  SIPN-20  membrane  can  be  attributed  to  its  lower  methanol 
uptake. 

Table  2  compares  the  self-diffusion  coefficient  ratios  of 
methanol  to  water,  DCh3oh/^h2o-  For  Nafion®,  the  water  and 
methanol  self-diffusion  coefficients  exhibit  no  obvious  differences 
[39].  On  the  other  hand,  Ren  et  al.  [40]  report  that  the  solvent 
uptake  per  sulfonic  acid  group  in  Nafion®  is  the  same  for  mem¬ 
branes  equilibrated  in  pure  water  or  pure  methanol.  These  results 
indicate  that  Nafion®  has  no  preference  in  either  sorption  or  trans- 


Fig.  7.  Solvent  uptake  of  Nafion®  115  and  SIPN-20  membranes  plotted  against 
methanol  concentration. 


Fig.  8.  Water  uptakes  and  methanol  permeabilities  of  SIPN  membranes  based  on 
PVA/SSA50  with  different  amounts  of  PVP. 
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Table  3 

The  measured  water  uptake,  proton  conductivity,  methanol  permeability  and  selectivity  of  various  SIPN  and  Nafion®  115  membranes. 


Membrane  Water  uptake  (wt.%)  Conductivity  (S  cm-1 )  Methanol  permeability  (cm2  s-1 )  Selectivity,  (p  ( x  103  S  cm-3  s) 


SIPN-10 

43.71 

± 

2.3 

4.4  x 

10“3 

± 

3  x 

io-4 

2.35  x 

10“8 

± 

1.2  x  10“8 

187 

SIPN-20 

53.29 

± 

7.0 

1.0  x 

lO-2 

± 

3  x 

io-3 

5.57  x 

10“8 

± 

3.5  x  10-8 

180 

SIPN-40 

66.76 

± 

7.7 

7.8  x 

io-3 

± 

2  x 

10“4 

6.63  x 

10“8 

± 

4.1  x  10~8 

118 

SIPN-60 

127.91 

± 

15.2 

1.4  x 

io-3 

± 

1  X 

io-4 

1.00  x 

io-7 

± 

5.5  x  IO”8 

14 

Nafion®  115 

37.0 

± 

3.3 

1.4  x 

IO"2 

± 

2.5 

x  10~3 

1.8  x 

io-6 

± 

4  x  10~8 

7.8 

port  of  water  and  methanol.  Note  that  Dq^oh/Df^o  t^e  SIPN-20 
membrane  is  approximately  half  that  of  Nafion®  (0.568  for  SIPN-20 
and  1.125  for  Nafion®),  suggesting  that  the  SIPN-20  membrane  has 
a  higher  selectivity  in  transport  of  water  over  methanol.  This  dif¬ 
fusion  behavior  is  strongly  correlated  to  the  sorption  behaviors  of 
SIPN-20  and  Nafion®  membranes  (Fig.  7).  Accordingly,  the  SIPN-20 
membrane  clearly  demonstrates  higher  selectivity  in  sorption  and 
transport  of  water  over  methanol. 

3. 7.  Methanol  permeability  and  selectivity 

Fig.  8  presents  the  methanol  permeability  of  SIPN  membranes 
as  a  function  of  PVP  content.  Methanol  permeability  in  Nafion®  115 
was  measured  under  similar  experimental  conditions  reported  as 
1.8  x  10-6  cm2  s-1.  This  value  agrees  well  with  the  literature  [41]. 
The  methanol  permeability  of  SIPN  membranes  increases  from 
2.35  x  10-8  to  1.00  x  10-7  cm2  s-1  as  PVP  content  increases,  varying 
from  10%  to  60%.  Similar  trends  in  the  water  uptake  and  methanol 
self-diffusion  coefficient  can  be  well  correlated.  Specifically,  as 
Table  3  shows,  all  of  the  SIPN  membranes  show  lower  methanol  per¬ 
meability  than  Nafion®  115.  For  the  SIPN-20  membrane,  methanol 
permeability  measures  5.57  x  10-8  cm2  s-1 ,  which  is  about  one  and 
a  half  order  of  magnitude  lower  than  that  of  Nafion®  115.  The  lower 
methanol  permeability  of  the  SIPN-20  membrane  correlates  to  its 
lower  methanol  uptake  and  methanol  self-diffusion  coefficients. 
Note  that  the  methanol  permeability  of  the  SIPN  membranes 
based  on  PVA/SSA50/PVP  is  about  one  order  of  magnitude  lower 
than  the  PVA/PAMPS/PVP  membrane  reported  in  the  literature 
[28]. 

To  explore  the  possibility  of  using  SIPN  membranes  in  DMFC 
applications,  the  selectivity  of  proton  conductivity  and  methanol 
permeability  should  be  analyzed.  Notice  that  all  of  the  SIPN  mem¬ 
branes  exhibit  higher  selectivity  than  Nafion®  115,  as  Table  3  shows. 
According  to  this  result,  SIPN  membranes  are  suitable  for  use  in 
DMFCs.  Table  3  summarizes  all  the  measured  properties  related  to 
proton  exchange  membranes.  It  can  be  concluded  that  PVP  plays  a 


Fig.  9.  DMFC  performances  of  MEAs  using  SIPN-20  (PVA/SSA50/PVP20)  and  Nafion® 
115  membranes  at  room  temperature  with  2  M  methanol  and  oxygen  at  ambient 
pressure. 


major  role  in  controlling  proton  conduction  and  methanol  perme¬ 
ability  due  to  its  hydrophilic  groups. 

3.8.  Single  cell  performance 

Since  the  SIPN-20  membrane  exhibits  relatively  high  proton 
conductivity  and  good  methanol  resistance  compared  to  other 
SIPN  membranes,  this  study  explores  the  DMFC  performance  of 
a  SIPN-20  membrane-based  membrane  electrode  assembly.  Fig.  9 
compares  fuel  cell  performances  of  MEAs  using  SIPN-20  and 
Nafion®  115  membranes  with  2M  methanol/02  at  room  temper¬ 
ature.  The  thicknesses  of  the  SIPN-20  membrane  were  controlled 
in  a  range  of  100-120  |xm.  As  Fig.  9  shows,  the  SIPN-20  membrane- 
based  MEA  exhibits  significantly  higher  open  current  voltage 
(OCV)  than  Nafion®  115,  exceeding  it  by  as  much  as  150  mV. 
This  difference  is  mainly  due  to  the  very  low  methanol  perme¬ 
ability  of  the  SIPN-20  membrane.  Importantly,  both  SIPN  and 
Nafionll5  membranes  exhibit  very  close  maximum  power  density, 
i.e.  5.20  mW  cm-2  for  SIPN-20  and  5.26  mW  cm-2  for  Nafion-115, 
respectively.  These  results  clearly  demonstrate  the  potential  of  SIPN 
membranes  for  DMFC  applications. 

4.  Conclusion 

This  study  reports  the  preparation  of  a  series  of  SIPN  proton 
conducting  membranes  using  a  cross-linked  PVA/SSA  network  and 
penetrating  PVP  polymers.  FT-IR  spectra  confirm  the  completion 
of  cross-linking  PVA/SSA  reactions  and  intermolecular  interactions 
between  PVP  and  PVA.  PVP  has  significant  effects  on  the  sorp¬ 
tion  and  transport  behavior  of  water  in  SIPN  membranes.  Due  to 
the  hydrophilic  character  of  PVP,  the  water  uptake,  unbound  water 
content,  and  water  self-diffusion  coefficients  of  SIPN  membranes 
increase  as  the  PVP  content  increases.  The  SIPN-20  membrane 
exhibits  comparable  proton  conductivity  to  commercial  Nafion® 
115  with  reasonable  uptake  water.  Specifically,  the  methanol  trans¬ 
port  properties  of  the  SIPN-20  membrane  in  terms  of  methanol 
self-diffusion  coefficient  and  methanol  permeability  are  signifi¬ 
cantly  lower  than  those  of  Nafion®  115.  The  methanol  permeability 
of  the  SIPN-20  membrane  measures  5.57  x  10-8  cm2  s-1,  which  is 
about  one  and  a  half  order  of  magnitude  lower  than  Nafion®  115. 
The  DMFC  performance  of  a  SIPN-20  membrane-based  membrane- 
electrode  assembly  exhibits  a  power  density  comparable  to  Nafion® 
115  but  with  a  significantly  higher  open  current  voltage.  These 
results  indicate  SIPN  membranes  with  excellent  methanol  resis¬ 
tance  are  potential  candidates  as  polymer  electrolytes  for  DMFC 
applications. 
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